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1 Introduction 



Boundary string field theory (BSFT) [H [2] is one of off-sliell formulations of string theory. 
Though it is a version of covariant open string field theory, the formulation is close to world- 
sheet sigma-model rather than the other open string field theories P, H]- BSFT has been 
applied to unstable D-brane systems including tachyons (for a review, see [3]) and it turned 
out to be successful in describing such systems. For example, it gives the exact form of the 
tachyon potential P, [TJ [8]. 

BSFT is formulated on the space of all boundary interactions specified by couplings A's in 
worldsheet sigma-models based on the Batalin-Vilkovisky (BV) formalism. In bosonic string 
theory, the spacetime action S of BSFT, which is a function of A's, is defined through the 
equation. 



where the correlator (■ ■ ■)x is evaluated in a worldsheet sigma-model on a disk with the bound- 
ary perturbation defined by A's. Here, 0{a) is a boundary operator which is also specified 
by A's, and a parametrizes the boundary of the disk. Qb is the bulk BRST operator. The 
gauge invariance of this action is guaranteed by the BV formalism. Under the assumption of 
decoupling of matter and ghosts, it was shown in [21 E] that the action S is related to the disk 
partition function Z and /9-functions of the worldsheet sigma-model as 



A proposal for boundary superstring field theory (super BSFT) for non-BPS D-branes was 
first made in [8], where the action of super BSFT is rather phenomenologically identified with 
the corresponding disk partition function^ 



Soon later, justification for this proposal was attempted by [T2l[T3] based on the BV formalism. 
In order to show the conjectured relation between the action and the partition function, the 
following trick given in [2] has been used. First, assume that the matter system consists of 
two decoupled subsystems. Then, by using the local integrability of the definitional equation 
([T]), one can express the action of BSFT by partition functions and several one-point functions 
of the two subsystems. In the case of superstrings, it is plausible that the one-point functions 
above, which are those of fermionic operators, vanish and the action simply reduces to the 
partition function of the whole system. Thus, the conjecture has been indirectly shown. 

Recently, bosonic BSFT was reformulated in terms of the closed string Hilbert space [T^ . 
The main advantage of this formulation is that we can obtain the action S itself by a simple 

^ This was originally discussed for massless modes in [TU]. The extension to D-branc-anti- D-brane system 
was given in [llj . 
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S{\) = Z{\). 
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algebraic calculation without any assumption: 

S = ^{B\e''i^o^'^}c-Q^cM - ^(5|Sym[e2^f'o-.o}. |g^^ 0}]cM- (4) 

Then, it is reasonable to expect that this formulation also works for superstrings. The main 
interest of this paper is to reconsider the construction of super BSFT in the same manner 
as in [H] and obtain the general action S for superstrings without any assumption. For 
this purpose, we need some modification for the fermionic two-form, which is one of the key 
ingredients for BV formulation of BSFT. Under this new definition, the fermionic two-form is 
much more simply represented in the closed string Hilbert space without relying on bosonized 
superconformal ghosts. Furthermore, in this formulation, the proof of the gauge invariance 
of the action is completely analogous to the one for bosonic string, and greatly simplified 
compared to the one given in [13]. The general action of super BSFT is also obtained without 
any assumption and it takes exactly the same form as the bosonic one. Based on this general 
action, we revisit the conjectured relation, S = Z. We also argue some common features on 
bosonic and super BSFT. 

The organization of this paper is as follows. In section [21 we give a short review on the 
previous construction of BV formulation for super BSFT and propose a new definition of the 
fermionic two-form. We construct super BSFT in the closed string Hilbert space and evaluate 
the action in section [HI The general form fl33p of super BSFT action is one of our main 
results of this paper. Two formal aspects of the BSFT action, the expansion form and the 
gauge transformation, shared among bosonic and super BSFT, are provided in section [H In 
section [5l we reconsider the well-known relation S = Z in our formulation. The final section is 
devoted to summary and discussion. Our convention and some explicit calculations concerning 
the boundary fermion for non-BPS systems are given in appendices. 



2 BV formulation of super BSFT and its modification 

In this section, we shall briefly review the construction of super BSFT by mostly following |13j . 
where boundary operators in 0-picture are regarded as fundamental. To keep the worldsheet 
supersymmetry, it is convenient to use the superfield formalism. The bulk worldsheet action 
of NSR superstring in the superfield formalism is compactly given b}@ 

^buik = — [ dh(f9DgX^'DeX^ + — [ (fzd^9BDgC + — [ d^zcPOBDeC, (5) 
An J 271 J 2n J 

where the worldsheet superfields X, B and C are written by the usual worldsheet fields, 

x'^(z, z) = x^ + letp^" + iOtp^ + eer^", (6) 

B{z)=f3{z) + eb{z), (7) 
C{z) = c{z)+9^{z), (8) 

^ Throughout this paper, we use the convention a' — 2. 
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and B and C are the anti-holomorphic counterparts of B and C. Here, 6 and 6 are fermionic 
coordinates and the superderivatives are given by 

De = de + 9d, Dg = dg + 9d. (9) 

One can consider a boundary perturbation which keeps the worldsheet supersymmetry by 
introducing a boundary action of the form 

s^, = J^v(.,e). (10) 

Here, V(a, 9) is a boundary perturbation written by superfields with 0-picture and ghost 
number 0. This boundary perturbation can be expanded by boundary couphngs A's, 

V = ^AX (11) 
I 

where V/ is a basis of boundary operators. In the formulation of [13], the boundary operator 
O, which is related to the above boundary perturbation by V = b^^^O, is considered as 
the basic object of this string field theory. The operator 5^^^""" has ghost number —1 and its 
precise definition is given in [1]. Thus, O has picture number and ghost number 1. 

In order to construct a boundary string field theory, we need a fermionic vector V and 
a fermionic two-form u in the space of all boundary interactions, which satisfy the following 
three properties: 



= 
duj = 
d^iyu) = 



nilpotency, (12) 
closedness, (13) 
l^— invariance. (14) 



The natural choice of the fermionic vector V is the one generated by the bulk BRST operator 
Qb- The nilpotency of V immediately follows from the nilpotency of Qb- The two- form uj is 
defined by two-point correlation functions of the deformed worldsheet theory. In the case of 
super BSFT, the choice of the two-form is more subtle due to the complexity of the notion of 
picture [I5] . In [13] , the two- form uj was defined in the following way: 

uj{5iO, 520) = (-)<'5iO) j daida2d9id92 {Y{a^)5iO{ai, 9^)Y{a2)520{a2, ^2))^ • (15) 

Here, Y{(t) is the inverse picture-changing operator, 

Y = cd^e-'^^, (16) 

and is the boson used to bosonize superconformal ghostsjfl 

(3 = e-^d^, 7 = vet (17) 
^ We regard e'^'^ for odd q as fermionic so that (3 and 7 obey the correct statistics. 
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where ^ and rj are fermions of dimension zero and one, respectively. In the above definition 
of cu, an inverse picture-changing operator is insertecQ at the same position of each of the two 
boundary operators 0{a, 6) in order to decrease the picture number of O by one and saturate 
picture number —2. 

However, in this paper, we propose a modified definition of the two-form uj instead of 
the above one. We find the following new definition much more convenient for our purpose of 
reformulating super BSFT in terms of boundary states. We define the two-form uj by inserting 
a double-step inverse picture-changing operator YY at the center of the disk, z = e^'^" = 0, 
instead of the boundary: 

uj{6iO, 62O) = (-)^(^i^) J daida2de,de2 (YY{0)S,O{a,, ^i)(520(a2, ^2))^ • (18) 

Here the double-step inverse picture-changing operator is nothing but the product of the 
holomorphic inverse picture-changing operator and the anti-holomorphic one. This type of 
picture-changing operator was first used in [TB] in order to overcome the singular behavior 
of cubic superstring field theory [l7] due to the collision of picture-changing operators at the 
midpoint. 

By using these fermionic vector and two-form, (modified) super BSFT action is defined by 
the equation 

dSBSFT = (-)^('^^) J daida2d9ide2 (FF(O)dO(ai, e,){QB, 0(^2, ^2)})^ • (19) 

One may think that positions of picture-changing operators do not matter anyway. However, 
in superstring field theory where off-shell operators should be considered as well, we cannot 
freely change the positions of picture-changing operators. Thus, our action of super BSFT 
considered here is, in principle, different from the ones in [13] . The advantage of this 
modified version of the two- form u is that, by noting that the double-step inverse picture- 
changing operator commutes with Qb and 6^^^^""", 

{Qb. YY] = 0, Yfm = 0, (20) 

one can avoid all the complexity and the subtleties argued in the appendix A in [13], related 
to inverse picture-changing operators. Therefore, as we will see in the next section, it is 
straightforwarcifl to apply the previous proof [11 [9], [H] for bosonic BSFT to the superstring 
case under this new definition. 

^In |12| . the two- form is directly defined by inserting operators of picture number —1 without explicitly 
using the superfield formalism or the inverse picture-changing operators. 

^In the large Hilbert description, we must insert one additional ^ in order to saturate the zero-mode. One 
may wonder whether the insertion of ^ makes any trouble. However, if BRST operator hits the ^, the term 
does not contain ^ zero-mode and just vanishes. So it does not affect the argument. 
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3 General form of super BSFT action 



In [Hj, bosonic BSFT was reformulated in terms of boundary states. In that formulation, one 
can perform the integration of the definitional equation ([1]) without making any assumption 
or approximation and obtain the general form of the action itself. We proceed to formulate 
the above super BSFT along the same lines@ 

First note that the insertion of the double-step inverse picture-changing operator YY at 
the center of the disk corresponds to considering the following state in the closed string Hilbert 
space: 

F(0)F(0) ~ limF(^)F(^)|0) 

= lim (2c(z)ae(z)e-^(")e-<^(°)) (^zdiz)d^{z)e-^^'^e-^^^^^ |0) 

= -lim(z/5(z))(z/3(z))c(^)£(^)|0)_i,_i = -/3-i/2P-i/2\n) = \YY). (21) 

Here |0)_i^_i = e~'^^^^~'^^^^\0) represents the closed string vacuum with picture number (—1, — 1) 
and \Q) = ciCi|0)_i,_.i is the Fock vacuum for closed string oscillators. Remarkably, once we 
introduce this state \YY) to calculate the correlation functions, there is neither complexity 
nor subtleties regarding the bosonization of superconformal ghosts and the picture-changing 
operation, since all the boundary operators we consider here do not have any picture. It 
immediately follows from (I2UI) that the state \YY) is annihilated by the BRST operator and 
6q = [bo — fco)/2, which comes from ^^sft ^^iq boundary action: 

Qb\YY) = 0, b^\YY) = 0. (22) 

In addition, \YY) has the total ghost number 0. Thus, \YY) shares common properties with 
the SL(2,C) vacuum |0) in bosonic string. 

Making use of this state, we propose the following definitions of the nilpotent vector V 
and the closed two- form u, 

SyO = {QB,0}, (23) 
u = ^{B\Sym[e^'^''o^^y;dO,dO]\YY). (24) 

Here, O represents a boundary operator 0{(t, 9) after a and 9 integrations, 

O.n-^OM, (25, 

which can be expanded by couplings A'^ and basis Oj as O = X^Oj. In the construction of 
BSFT, we always define statistics of worldsheet couplings, namely string fields, so that this O 



^ In [TH], the matter sector of super BSFT has been discussed in detail by using the boundary state 
formalism. 
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after 9 integration is fermionic. The symbol Sym[- ■ ■] is defined in |14] : 

Sym[e"^;0i,02, - ■■ , 

dti I dt2--- j rft„e-*^^Oie-(*2-*i)^02 ■ ■ ■ 0„e~(^^*")^ ± (perms). (26) 

{B\ can be any on-shell boundary state satisfying {B\Qb = and (i?|&o = O5 depending on 
the open string vacuum at issue. In superstring theory, we have extra degrees of freedom to 
specify the sign of boundary conditions for fermionic variables. The physical boundary state 
which survives after GSO projection should be some linear combination of them. Since, in our 
formulation of super BSFT, the two-form (and the action as well) is comprised of an inner 
product of such boundary states with the GSO-even closed string state \YY) = PgsoI^^), 
the bra state is automatically chosen to be a GSO-even combination of boundary states. 

Now we shall show that our vector and two- form really satisfy the properties (fT2l) -( fT^ . 
Fortunately, the algebraic proof given in [T3j is directly applicable to the current case by 
replacing the bosonic closed string vacuum |0) with both of which are ghost number 

and annihilated by 6g and (the corresponding) BRST operators. In the following, we repeat 
the argument given in [Tl] to make this paper self-contained. A more detailed explanation can 
be found in the reference. The nilpotency of the vector V simply follows from the nilpotency 
of Qfilll as usual. The closedness of u comes from the fact that the state \YY) is annihilated 
by 60 : 

du = z(5|Sym[e2*{^o {b^ , dO}, dO, dO] \YY) 

= UB\Sjm[e^'^''0'O}-dO,dO,dO]b^\YY) = 0. (27) 

Note that this proof of the closedness of u is much simpler and transparent than the one 
attempted in [12], where BRST invariance of unperturbed correlators is further employed. 
The invariance of u under the transformation generated by V is also proved without any 
difficulty. 

d{ivuj) = 2i{B\Sym[e^'^'^^'^^;{b^,dO},dO,{QB,0}]\YY) 

- (i?|Sym pi^7>o}; dO, {Qb, dO}] \YY) 

= -2(i?|Sym[e2^{^0'O};rfO,rfO, [b^ , {Qb,0}]]\YY) 

- 2(5|Sym[e2^{^o dO, dO, [Qb, > O}]] \YY) 

= -^(i?|SymP^''o-.o}. dO, [Lq - Lq, O]] \YY) = 0. (28) 

^ For a non-BPS D-brane, the auxiliary boundary supcrfield T is introduced [12] to take the GSO-odd 
sector into account. In this case, we should modify the BRST operator so that the anti-commutator {b^ , Qb} 
generates the rotation in this sector as well. This modification is necessary to prove the ^-invariance of the 
two-form u. We discuss the BRST transformation of this auxiliary boundary supcrfield in Appendix [Bl 
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In the last line, we have used the rotational symmetry generated by the operator Lq — Lq as 
usual. In the above proof, we have used the following properties: 

{B\b, = {B\Qb = b^\YY) = Qb\YY) = 0. (29) 

These are nothing but the properties used in the proof [H] for bosonic BSFT: 

{N% = {N\Qb = 60 |0) = Qb\0) = 0. (30) 

Thus, our modified two-form (12^ naturally satisfies the desired property ffTBj) and (1141) . There- 
fore, we can define a gauge invariant action S of super BSFT using these ingredients: 

dS = {B\SYm[e^'^^o^'^}-dO,{QB,0}]\YY). (31) 

In [11], the most important advantage of rewriting BSFT by boundary states is that the 
equation defining the action can be easily integrated by performing simple algebraic operations 
without any assumption or approximation. Therefore, we expect that the above equation can 
also be integrated in the same manner. Again, formally, the calculation is completely the same 
as the bosonic one [H] and we have 

dS = d(^^{B\e''^>'o^'^}c-Q^c^\YY) - '-{B\Sjm[e'^^'o {Q^^O}]c,\YY)^ , (32) 

which leads to the action itself 

S = ^{B\e'^^'o,o}^~Q^c^\YY) - '-{B\Sjm[e'^^''o 'O}. {g^, 0}]c,\YY). (33) 

Thus, the action of super BSFT formally takes exactly the same form as the bosonic one (jlj). 



4 Expansion form and gauge transformation of BSFT 

As we have seen in the previous section, the formal expression of BSFT action is the same 
between bosonic and supersymmetric one. In this section, we develop some formal aspects 
of the BSFT action. From now on, we use the expression for bosonic BSFT (jlj) to describe 
the general action of BSFT for simplicity. However, in the following, one can always recover 
the expressions for super BSFT by simply replacing |0) with \YY) and reinterpreting all the 
quantities by their supersymmetric cousins. Expanding the general action (jl]) in terms of 
string field O, we have 



S=^{B\c,Qbc,\0) 



n=0 



(2z 



n 



\n+l 



{B\ [{60 , 0}"+^co QbCo - X^{feo , Or^'^iQB, 0}{6o , 0}%^ 1 10). (34) 



m=0 
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One can evaluate the second term of the above expression order by order and find that it takes 
rather simple form: 

S = -{B\c^Qbc,\0) + J2 j2(B\mr--oQBO{b,or\o) 

n=0 ^ m=0 

= ^{B\c^QbCo\0) + ^{B\OQbO\0) + '-{B\{OQBOh^O + Oh^OQBO) |0) + ■ ■ ■ . (35) 

In order to interpret this action, it would be convenient to make a field redefinition, O — > QoO, 
and an overall scaling, S* — > so that we have 

9o 

s = T^(i?ico g^co io) + f; Y.{B\{oh~,r--oQBO{h-,or\Q) (se) 

= _(5|co g^co |0) + -{B\OQbO\Q) + '-^{B\ [OQBOb.O + Ob.OQBO) |0) + ■ ■ ■ . (37) 

Here go represents the open string coupling constant. This expansion form of the BSFT action 
shares several similar properties with other string field theories. First note that all the terms 
are writteij^ in terms of correlation functions of an unperturbed conformal field theory. The 
first term is just a constant energy shift and it should correspond to the D-brane tension. 
Note that the next term starts from the kinetic term. Thus, we found that BSFT does not 
have any open string tadpole around on-shell open string background as desired. This is not 
obvious from the conjectured relation dS]) of super BSFT as we shall discuss in the following 
section. The kinetic term is quite similar to the one in cubic open string field theory [3]. In 
both theories, the kinetic terms are written by a disk two-point function of boundary vertex 
operators O with BRST operator: 

^-kin- (0gBO)disk. (38) 

The difference is that the positions of two boundary vertex operators O are integrated over 
the boundary of the disk in the case of BSFT, while they are fixed at some specific points from 
the beginning in cubic string field theory. Finally, the interaction part consists of infinitely 
many terms as in the non-polynomial closed string field theory [20] or open superstring field 
theory [1]. 

Obviously, the kinetic term of the above action is invariant under the transformation of 
S^^^O = [g^. A]. The full gauge transformation can be read off from a formal argument of the 
BV formalism even without knowing the BSFT action itself and given by 

6aO = [Qb, A] + ^(?o(5|Sym[e2*3°^^o -o}; {g^, Q}, [b^, A],Oi] \0WOj. (39) 

^Though wc have used the osciUator formahsm of closed string theory to describe BSFT, we can always go 
back to expressions written in terms of correlation functions of a conformal field theory. 
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Here, on is the inverse matrix to oojj, which is the components of the two-form uo. One can 
directly check the gauge invariance of BSFT by a straightforward calculation, 



6^S = (i?|Sym[e2^'^°{''-o}; s^O, {Qb, O}] |0) 
= (5|Sym[e2^^°^^o-.o}. [g^, A], {Q^, O}] |0) 

+ z^7o(5|Sym[e2^^°^^o -o}; {g^, Q}, [b,, A], {Qb, O}] |0) 
= {B\SYm[e''^''^'o,o}. [g^, A], {g^, o}] |0) 

+ 2z(7o(i?|Sym[e2^^°{''o [Qb, {b^ , O}], A, {Qb, O}] |0) 
= - (5 1 Sym [e^^^-i^o ; A, {g^ , O }] g^ 1 0) 

= 0. (40) 



Thus, though BSFT appears extraneous to the other covariant string field theories based 
on particular conformal field theories and overlapping conditions, the action of BSFT formally 
possesses several structures similar to the others. 

5 Revisiting the conjecture S = Z 

As mentioned in the introduction, it is widely believed that the action S of super BSFT is 
simply given by the disk partition function Z with boundary perturbations in the case where 
matter and ghosts are completely decoupled [HI [121 [131 [21] • In this section, we revisit this 
well-known conjecture. 

For concreteness, let us consider the boundary state for a Dp-brane. The GSO-even NS-NS 
boundary state for a Dp-brane is given by a linear combination of two boundary states. 



where ± correspond to different boundary conditions for worldsheet spinor fields as summa- 
rized in Appendix \M However, as we mentioned in section [3], the GSO-even combination is 
automatically chosen in the action of super BSFT (j33l) . due to the GSO-invariance of the 
closed string state Hence we are allowed to focus only on {Bp,+\. Then the BSFT 

action for a Dp-brane is given by 



up to an overall normalization. Here, we have multiplied the action (1331) by —i in order to 
make the action real. 

When matter and ghosts are completely decoupled, the string field O is given in the 
following form: 



Ns(^p| = m{Bp, +1 - Ns(5j>, 



(41) 



5 = -^(i?p,+|e2^{^o.o}c, 



QbCo\YY) - i(i?p,+|Symp{^o.o};{g^,o}]co IFF), (42) 




(43) 
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where C = c{a) + 9'j{a) is the ghost superfield on the boundarjo. The purely matter superfield 
V is expanded 

y = y(~^) + Oym_ (44) 

After 6 integration, we have 

da 



O 



2tt 



(7V 



(-1), 



cr 



3V(°)(a)). 



(45) 



The anti-commutator with 6q in the exponent appearing in the action fl42|) picks the "zero- 
picture part" V'-''-* up and the exponential does not depend on ghosts at all: 

da. 



,2i{bo,0} 



exp 



2tt 



(46) 



Therefore, we can freely perform the calculation for ghost parts in this particular case. 
The evaluation of the first term of the action ( l42l) 



Si 



--{Bp,+\e'^^'o,o}^-Q^^-\YY), 



(47) 



is straightforward. Though the BRST operator Qb appears in this expression, only ghost 
parts of it survive due to two Cq 's and 5*1 reduces to the partition function Z, 

= -(5j9,+|e2*^'o.o}c-|fi) = Z{\). 



Let us move on to the second term of the action, 

^2 = -l-{Bp,+\Sjm[e''^'o^''}.{Q^^O}]c^\YY). 



(4^ 



(49) 



This term which vanishes for on-shell deformations potentially represents the correction from 
the conjectured form S = Z. Defining the following combinations. 



which annihilate (Bp, + |, the second term becomes 

S2 = -^(5p,+|Sym[e2^{^o.«>;{g5,0}]co-/?+2/3^i/2l^) 
-{Bp, +|Sym[e2^{^o {Gt,/,, [O, Z^+^l}] Col^) 



(50) 



2 

i 

2 



- {Bp, +\Sym[ 



Mbo,o}. 



{G+ ,[0,/5+ ]}]co|f]) 



+ {Bp, +|Sym 



2n 







da 
2^ 



V(o) 



c,\Q). 



(51) 



^ Here, boundary superfields are taken to be the tangential components of the corresponding superfields. 
Note that they depend on the boundary condition ± for worldsheet spinor fields. For a precise definition, see 
Appendix El 

^''The superscripts indicate the natural picture numbers for the component fields of V. However, one should 
keep in mind that both of them do not have any picture in this context. 
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On the contrary to the anti-commutator with 6q , the commutators of O with /5^^/2 Si^e the 
V'^"^'' part of the matter superfield with some phases: 

[0,/?+/,] = zV2| ge^-/^V(-)(a). (52) 
The further operation of ^^1/2 gives a SUSY transformation as follows: 



(a). (53) 

If we restrict the matter superfields to superconformal primaries, which satisfy 

Tf{z)V^~^\0) ^ -^V^°\0), (54) 
the above SUSY transformation fl53p gives 

-2i!—V^'\ (55) 
J 27r 

Then, the correction terms fIFIl) exactly cancel each other. Thus, we have directly shown 
that, for purely rrratter super»uformal deformat,o,0 , the action (l33l) reduces to the partition 
function Z as conjectured. 

The above calculation may also indicate that the conjectured relation 5* = Z is not always 
true for operators having more general OPE than (1541) . Actually, one can find some explicit 
examples in literatures, which would imply that S* = Z is not always valid. For example, in 
[22l [23] , the authors explicitly calculated correlation functions of some non-primary massive 
operators in the flat background and found that some one-point functions do not vanish. 
These examples suggest that if the action is simply defined by the partition function Z, such 
an action has a tadpole. However it is unlikely that such a trivial background is not a solution 
of the theory. On the other hand, as shown in the previous section, the general action of 
(super) BSFT does not have any tadpole around any unperturbed background. Thus, for 
operators with non-vanishing one-point functions, we surely need the correction term S2 to 
cancel the tadpole. 

This conclusion is partially satisfactory but there still exists a puzzle. From the beginning, 
boundary operators 0{a, 6) are assumed to be superfields. However, we have never used the 
property of being superfields except for the argument above, where we have further restricted 



^^The previous argument on this conjecture given in |13| . which is based on two decoupled systems, has 
also partly relied on superconformal primary fields. On the other hand, the argument given in |12| does not 
depend on superconformal primary but the proof for (|13p and ()14p is not generally discussed. 
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ourselves to superconformal primaries. Thus, throughout the formulation of super BSFT, the 
superfield formalism has never shown its importance, though the worldsheet supersymmetry 
is known to be necessary to obtain physically reasonable results. We shall further discuss this 
puzzle in the next section. 

6 Summary and Discussion 

We have constructed a BV formulation of boundary superstring field theory in terms of bound- 
ary states. We have made a minor modification on the fermionic two-form cu, which leads to a 
simpler expression of the two-form when it is written in the closed string Hilbert space. With 
this modification, the proof of the closedness and the invariance of the two-form under the 
transformation generated by the fermionic vector V, which are essential to the gauge invari- 
ance of BSFT, is much more simplified and transparent. Furthermore, with the help of the 
closed string oscillator expression, we have obtained the general form of the action of super 
BSFT without any assumption or approximation. It would be worth while mentioning that 
this general action of super BSFT takes exactly the same form as the bosonic one, which 
enables us to argue formal aspects of the general action of both BSFTs simultaneously as in 
section |H In that section, we have derived the expansion form and the gauge transformation 
of generic BSFT. We hope that these results help us to understand the relation between BSFT 
and other formulations of string theory. Finally, as a special case of the general action, we 
have revisited the famous conjecture that the action of super BSFT is simply given by the 
partition function when matter and ghosts are completely decoupled. We have directly derived 
this relation from the general form of the action of super BSFT for superconformal primaries. 

In the rest of this section, we argue the puzzle mentioned in the previous section. The puzzle 
is that, throughout this paper, the role of the superfield formalism is not clear. Especially, 
the proof of closedness and l^-invariance of the two-form is completely independent from 
the superfield formalism. Of course, one would expect that the superfield formalism ensures 
the existence of the rigid supersymmetry on the worldsheet. However, the concept of the 
rigid supersymmetry in the a coordinate is somehow ambiguous due to the anti-periodicity of 
worldsheet spinor fields in the NS sector. In order to keep the (anti-)periodicity of superfields, 
we have to regard the fermionic coordinate 6 as anti-periodic, which implies that 6, and hence, 
the SUSY transformation parameter implicitly depend on a. One optimistic possibility would 
be that the transformation given by fl3^ corresponds to a natural "rigid" supersymmetry in 
the a coordinate and the superfield formalism here ensures the transformation ( l53i) gives the 
corresponding superpartner ( l55l) . If this is the case, we can always take the relation S = Z as 
the definition of the super BSFT action as far as matter and ghosts are decoupled. However, 
it also suggests that one-point functions must vanish because the action of BSFT never has 
any tadpole as shown in section HI which contradicts the explicit calculations given in [22l |23] . 
We might have to reconsider the treatment of superfields in the a coordinate more carefully 
for generic off-shell operators. 
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Appendix 

A Closed String Oscillators, Boundary States and Mode 
expansions 

Mode expansions!^ 

dx^iz) = E Bx^z) = E r{z) = E i^w^' (56) 

m=—oo m.=— oo rGZ+1/2 



b{z)= E 



ym+2 ■ 



= E /^(-) = E 



Pr 



yr+3/2 ■ 



Superconformal generators: 

n r 

2r + n 



(58) 



Throughout this paper, we only consider the NS sector. We denote integer and half-intcgcr modes by the 
indices m, n, • • ■ and r, s, • • • , respectively. 
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BRST operator: 



Qb = ^ ^ {dzjB - dzis) 



m — n. 



-n—m'^m'^n 



2r — n 



~ l3—m—rC-m'~ir b—m^m—r^r 



-Co + (anti-holomorphic part). (59) 



Ghost zero-modes: 



=^0 + ^0, 



Normalization: 



^0 =^{bo-bo), 



'^0 =0(^0 + Co), 



Cq =Co — Co- 



.i_i(0|c_iC_iCo C(|"ciCi|0). 



1,-1 



(60) 
(61) 



Boundary state for Dp-brane: 



{Bp,±\ 



-i,-i\ 



|c__iC_iCo (5^ ^(x* - X*) exp 



00 _ 



) - J^(Cn&n + Cnbn] 



n=l 



n=l 



(62) 



r>0 r>0 

where /i = 0, . . . ,p and z = p + 1, . . . , 9. This satisfies the following conditions: 

{Bp, ±|« + a^J = (Bp, ±|« - aLJ = (fip, ±|(c„ + c_„) = (5p, ±|(6„ - L„) = 0, 

{Bp, ±|« T 2^^:,) = {Bp, ±\i^l ± 2^!-.) = {Bp, ±\il3r ± 2/3-.) = {Bp, ±1(7, ± 27.,) = 0. 

(63) 

In our convention, the boundary of the disk is given by the conditions, w = w and \z\'^ = 1, in 
the cylinder coordinate w = a + ir and the disk coordinate z = e~*'^"^^, respectively. Boundary 
operators are written by the tangential components of operators on the boundary. The mode 
expansions for matter boundary operators (for the Neumann directions) are given by 



^ — ' m 

, V'^(w)±V;^(w;) ^"'/'v-, ,^ , .7. , , 



and for ghosts. 



C cr 



6(w) + b{w) 



c[w) + c(w) 



1 

E 



(64) 
(65) 

(66) 
(67) 
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(^±{(^) = 2 ^ ~Y~ ^ ^^-^-^^ ' ^^^^ 

r 

,,(.)^'-^lp^ = '^j:i,.Tn-.)e'", (69) 

r 

where the signs ± represent the possible choices of boundary conditions, which correspond to 
the boundary states, {Bp, ±|. Superfields on the boundary are composed of these tangential 
components, 

= + 2ie^lj^, B± = /3± + 9b, C± = c + e^±, (70) 

and the supercovariant derivative is D = dg + 98^- 



B BRST operator for boundary fermion 

In section [3], we have proved the ^-invariance of the two- form and derived the general action of 
super BSFT. The key fact there is that the anti-commutator of the BRST operator Qb with 6q 
generates the rotation of the whole system. However, in order to deal with a non-BPS D-brane, 
we need to introduce the auxiliary boundary superfield T = rj + OF, known as the boundary 
fermion, to take the GSO-odd sector into account [I9]. Therefore, for consistency, we must 
generalize the BRST operator so that its anti-commutator with 6q gives the rotation of the 
whole sector including the auxiliary field. In this appendix, we propose such a generalization 
of the BRST operator. 

The kinetic term for the auxiliary boundary superfield T is given by 

,,._/^rz,r.-/|,a.„.n (n, 

As an example of the usage of the auxiliary superfield, the boundary operator for the tachyon 
is written as 



Ot = j ^CT{^)T = 1 g [^Tv - cTF - 2zc9,T^^] . 



(72) 



Recalling that t] and F are of dimension and 1/2, respectively, we can formally define 
operators P„ and Qr as 

[Pn, v] = le-^'^'^d^r^, [P„, F] = ^e-^-^S^F + -e-*"'^F, 

{Qr, r/} = z-^/^e-^^'^F, [Qr, F] = t^'/^e-'^'^d^ri- (73) 

Then, P„ and Qr satisfy the super- Virasoro algebra with central charge zero, 

Ti 2r 

[Pm; Pn] ('^ TT') Pm+n ; {Qr^ Qs} '^Pr+s ; \Pn^ Qr\ Qn+r ■ (74) 
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A natural guess for the generalization of the BRST operator would be adding the following 
term to the original BRST operator Qb, 

Q'b = CnP-n + IrQ-r. (75) 

n r 

Then, this Q'^ satisfies the following ( ant i-) commutation relations as desired, 

{Q'B,2b,} = Po, [QB,f3ti/2\ = Q±i/2- (76) 

The second relation is also essential to ensure the cancellation of the second term of the general 
action flSlj) for primary operators. One can also check that this modified BRST operator 
Qb + Q'b is nilpotent: 

{Qb + Q'b,Qb + Q'b} = 0. (77) 

As a consistency check of this generalization of the BRST operator, we demonstrate that 
the usual tachyon potential can be derived from ( l3Ti) with this modified BRST operator. 
Substituting the constant tachyon profile into (IHTI) . we have 

dS = dSi + dS2 + dSs, (78) 

where 

dS, = -^{Bp,+\eI^^^ (I t^^^^^) (/ ^t^^'^]^^) 1^^)' (^9) 
dS, = -^{Bp,+\e^^'^ (I ^'^^^) (/ 1^^) 



n,r \J / \-J / 

(80) 

dSs = -^{Bp,+\eft^^ (| ^{^V - cF)dT^ (| ^ MQ'b^v} + c[Q'b, F])T^ \YY) 



■'-YiBp.+\e-f^''[l "^cFdT^ (/ ^77.e-^i^T) \YY). 



\YY) 



%^ > (5p,+|eJ / ^cFdT / --^77,e*^'^FT \YY). (81) 



Note that the third term dS^ comes purely from the additional term, Q'^, in the modified 
BRST operator. The correlation functions for rj and F needed to evaluate the terms above 
are given by 

ivi^Hcr')) = -e{a - a') = > (82) 

r 

eS^^^F{a,)) = -Ina,) (83) 



2' 

;/lf^^F(ai)F(a2)) = ^ [T(ai)T(a2) - 47r5(ai - ^2)] e^^ / If (84) 
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However, even before the evaluation, we see that and the second term of dS^ cancel out 
each other by using the boundary condition flUHl) . Furthermore, the first term of dS^ simply 
vanishes. Therefore, the net contribution only comes from dSi, and we have 

dS = dSi = -}-TdTe-^, (85) 

which leads to the usual tachyon potential V = . Note that, though the net contribution 
comes from the first term, dSi, we also need the cancellation of the second term, dS2, by 
the third term, dS^, which originates from the additional term (ITSjl of our modified BRST 
operator. Though we discussed the case of a non-BPS D-brane, it would be straightforward 
to extend our argument to multi D-brane systems (including anti-D-branes) by introducing 
more than one such auxiliary superfields. 
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